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DISTURBANCE COMPENSATION CONTROL
SYSTEM

This application 1s based on and claims priority under 35
U.S.C. §119 with respect to Japanese Application No. 2000-

398574 filed on Dec. 27, 2000, the entire content of which
1s incorporated herein by reference.

FIELD OF THE INVENTION

This mvention generally relates to an electrically con-
trolled device. More particularly, the present invention per-
tains to a disturbance compensation control device that
restricts the periodic disturbance generated by a periodic
compensation control and applied to an electrically con-
trolled device.

BACKGROUND OF THE INVENTION

A known type of disturbance compensation control sys-
tem 1s described in Japanese Patent Publication No.
2566033, This known system controls the control object, for
instance an electrically driven motor, by way of a feed back
control system using the difference (control tolerance)
between a target rotation speed and an actual rotation speed.
Further, this known system estimates a disturbance to the
motor and effects repetition compensation control with
respect to the estimated disturbance to eliminate periodic
disturbance.

According to this known control system, because the
motor 1s unstable at starting, the repetition cycle of the
disturbance 1s also unstable. If this unstable disturbance is
applied to the repetition compensation control, the accuracy
of the motor operation with respect to the target speed will
be decreased. This 1s particularly so 1n the case of apparatus
having a short mterval operating duration. Also, the delay
with respect to the repetition compensation control will be
worth to the stable control.

Aneed thus exists for a disturbance compensation control
system which performs appropriate repetition compensation
control and 1s not as susceptible to the same drawbacks and
disadvantages as those noted above.

SUMMARY OF THE INVENTION

In light of the foregoing, one aspect of the invention
involves a disturbance compensation control system which
restricts periodic disturbance to a motor. The disturbance
compensation control system includes means for calculating
a target rotation speed of the motor, means for calculating an
actual rotation speed of the motor, and means for calculating
a difference between the target rotation speed of the motor
and the actual rotation speed of the motor. A repetition
control unit receives the calculated difference between the
target rotation speed of the motor and the actual rotation
speed of the motor, and repeatedly applies a compensated
value to the calculated difference. The compensated value
applied by the repetition control unit during 1nitial starting of
the control object 1s based on a zero value of the difference
between the target rotation speed of the motor and the actual
rotation speed of the motor.

According to another aspect of the invention, a distur-
bance compensation control system which restricts periodic
disturbance of a control object includes means for calculat-
ing a target control condition of the control object, means for
calculating an actual control condition of the control object,
means for calculating a difference between the target control
condition of the control object and the actual control con-
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dition of the control object, and a repetition control unit
which receives the calculated difference between the target
control condition and the actual control condition, and
applies a value to the calculated difference, with the value
applied by the repetition control unit during initial starting of
the control object being based on a zero value of the
difference between the target control condition and the
actual control condition.

According to another aspect of the invention, a distur-
bance compensation control system which restricts periodic
disturbance of a control object includes means for calculat-
ing a target control condition, means for calculating an
actual control condition, means for calculating a difference
between the target control condition and the actual control
condition, and a repetition control unit which receives the
calculated difference between the target control condition
and the actual control condition, and applies a value to the
calculated difference. The repetition control unit includes a
phase converter.

BRIEF DESCRIPTION OF THE DRAWING
FIGURES

The foregoing and additional features and characteristics
of the present invention will become more apparent from the
following detailed description considered with reference to
the accompanying drawing figures in which like reference
numerals designate like elements.

FIG. 1 1s schematic 1illustration or block diagram of a
disturbance compensation control system according to first
embodiment of the present invention.

FIG. 2 1s a schematic 1llustration of the motor control unit
used 1n the control system.

FIG. 3 1s a chart showing operational characteristics of the
present 1nvention.

FIG. 4 1s a block diagram or schematic illustration of a
disturbance compensation control system according to a
second embodiment of the present invention.

FIG. 5 1s a block diagram or schematic illustration of a
disturbance compensation control system according to a
third embodiment of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

Referring to FIGS. 1-3, one embodiments of the present
invention will be explaimned. FIG. 2 1s an 1llustration of a
motor control unit 10 used 1n the disturbance compensation
control system of this embodiment. As shown 1n FIG. 2, the
motor control unit 10 1s equipped with a control object 11,
which 1n this illustrated and described embodiment 1s 1n the
form of a motor, a speed sensor 12, an ECU (Electronic
Control Unit) 13, and a motor control circuit 14.

The motor 11 consists of, for instance, a direct-current
motor. An unillustrated motor driven mechanical system 1s
linked to the motor 11. The motor 11 drives and changes the
position of the motor driven mechanical system by changing
its rotation angle (0). Moreover, the motor 11 1s controlled
by a PWM (Pulse Width Modulation) control method to
adjust 1its rotation speed. Therefore, the motor driven

mechanical system, which 1s mechanically linked to the
motor 11, 1s controlled by the PWM control method.

The speed sensor 12 detects the rotation speed together
with the rotation angle of the motor 11. The speed sensor 12
1s equipped with a Hall-Effect element, and the Hall-Effect
clement generates a pulse signal at every predetermined
angle of the motor 11. Therefore, the rotation angle and
rotation speed are calculated through the ECU 13.
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The ECU 13 calculates, for example, the rotation speed
and the rotation angle of the motor 11 according to the
detected signal (pulse signal) from the speed sensor 12. The
ECU 13 calculates the rotation angle of the motor 11 by
counting the number of pulses generated by the speed sensor
12. The actual position of the motor driven mechanical
system 1s also calculated using the speed sensor signal 12.
Moreover, the ECU 13 calculates the actual rotation speed
using the pulse signal which 1s continuously generated by
the speed sensor 12.

According to this embodiment, the ECU 13 calculates the
actual rotation speed at a particular position corresponding
to a certain rotation angle (particular position of the motor
driven mechanical system) of the motor 11. The ECU 13
calculates the amount of electricity or driving current to be
supplied to the motor 11 based on a comparison of the target
rotation speed and the detected actual rotation speed at the
particular position corresponding to the certain rotation
angle of the motor 11. Specifically, the drive signal which
has a duty-ratio corresponding to the amount of electricity or
driving current to be supplied to the motor 11 1s outputted to
the motor control circuit 14.

FIG. 1 1s a control block diagram showing the motor
control unit 10 and other components of the control system.
As shown 1n FIG. 1, the control block of the motor control
unit 10 constitutes the feedback system which determines at
point P2 the difference between the target rotation speed mt
from the ECU 13 and the actual rotation speed wo at point
P1. The determined or calculated difference (control
tolerance) between the actual rotation speed wo and the
target rotation speed mt 1s amplified in an amplifier 21 which
includes a proportional term Pg. The output from the ampli-
fier 21 1s modulated to an appropriate duty ratio through a
duty converter 22, which includes a proportional term Kit,
and the duty signal i1s outputted to the motor 11. The
proportional term Pg of the amplifier 21 1s set as an
appropriate value to cause the actual rotation speed to
promptly approach the target rotation speed mt even 1n the
presence of a disturbance.

As explained above, the rotation speed wo and the target
speed mt are calculated at the particular position correspond-
ing to the rotation angle, which means the particular position
of the motor driven mechanical system, of the motor

As shown 1n FIG. 3, the target rotation speed wt, which
comes from the ECU 13, increases gradually 1n response to
the increase of the rotation angle of the motor 11 1n a slow
start stage. The target rotational speed wt gradually increases
in the slow start stage, and the target rotation speed mt 1s
maintained at a constant value when the rotation angle
exceeds a certain position identified as 02 in FIG. 3. This
two stage operation 1s used to gradually increase the target
rotation speed until achieving the constant target speed when
the motor 11 1s started. This performs a smooth operation of
the motor 11 when the system 1s starting up. Also, jarring
change sounds associated with the operation of the motor 11
are also reduced. For example, sounds generated by the
backlashes and clearances of the motor 11, such as a torque
transfer mechanism, are reduced.

The target rotation speed wt at point P3 1s amplified with
an amplifier 23 which has a feed forward term (proportional
term) Kf, and this value is added at point P4 between the
amplifier 21 and the duty converter 22. Thus, the difference
between the actual rotation speed wo and the target rotation
speed wt, which 1s amplified in the amplifier 21, 1s com-
pensated by adding at point P4 the target rotation speed mt
which 1s amplified 1n the amplifier 23. The starting up
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characteristics of the motor 11 are improved by using the
difference of rotation speed wo and wt through the duty
converter 22. The feed forward term Kf of the amplifier 23
1s set at a suitable value for improving the startup charac-
teristic of the motor 11.

The difference between the rotation speed wo and the
target speed wt at point P2 1s pulled out at point P35, and the
difference 1s added at point P6, which 1s positioned between
the amplifier 21 and point P4, after passing through a

repetition control unit 24. Thus, the difference (control
tolerance) between the actual rotation speed wo and the
target rotation speed wt, which 1s amplified 1n the amplifier
21, 1s compensated by repeatedly adding the compensated
difference of the rotation speed wo and the target speed wt.
Thus, periodic disturbance of the motor 11 1s controlled
using the compensated difference 1n the rotation speeds wo
and mt that 1s being outputted to the motor 11 through the
duty converter 22. The changing sound (roaring sound) from
the motor 11 caused by periodic load change generated by
instability 1n the axis of rotation of the motor 11 1s also
reduced or avoided.

As mentioned above, the actual rotation speed wo and the
target rotation speed wt are calculated at the particular
position corresponding to the rotation angle (particular posi-
tion of the motor driven mechanical system) of the motor 11.
Therefore, the speed change of the motor 11 by the distur-
bance depending on the periodic position 1s 1improved. In
other words, although the periodic speed of the motor 11 at
the particular position 1s collapsed under the target rotation
speed being changed, the periodic disturbance 1s controlled.

The repetition control unit 24 1n this embodiment includes
a masking processor 25, a repetition compensation control-
ler 26 and a phase compensator or phase converter 27. The
difference between the actual rotation speed wo and the
target rotation speed mt, which 1s obtained at point PS5, is
introduced into the masking processor 25 and then outputted
to the repetition compensation controller 26 at point P7. The
masking processor 25 has a changeover switch SW. The
changeover switch SW changes between two different
positions, one 1n which the difference between the rotation
speed mo and the target speed wt 1s directly outputted to the
repetition compensation controller 26 and another 1n which
the value “0” (zero) is outputted to the repetition compen-
sation control unit 26. During the starting time of the motor
11 in which the rotation angle 1s O to 01 (01 is determined
through experimentation based on the motor characteristics),
the difference between the actual rotation speed wo and the
target rotation speed wt 1s set at a value “0” (zero) so that the
value outputted by the masking processor 25 to the repeti-
fion compensation control unit 26 1s zero. Thus, the differ-
ence between the actual rotation speed wo and the target
rotation speed wt used as a repetition tolerance in the
repetition compensation controller 26 1s made a value “0”
representing a repetition error of zero, and the difference
between the actual rotation speed too and the target rotation
speed mt 1s not put into a memory mentioned below. Rather,
to avoid the affect of disturbance under the condition that the
motor 11 1s starting, and to perform the repetition compen-
sation control effectively, “0” 1s put 1nto the memory.

The repetition compensation controller 26 includes a
repetition compensator 28 and a delay filter 29. The signal
from point P7 1s picked up at point P8 and is sent back to
point P7 as an output signal from the repetition compensator
28 and the delay filter 29. The repetition compensator 28 1s
a memory which has a memorizing interval of L. To avoid
periodic fluctuation at the particular position of the motor 11,
the difference between the actual rotation speed wo and the




US 6,593,719 B2

S

target rotation speed wt (repetition tolerance) is put into the
repetition compensator 28 to use 1n the next control cycle.
The signal through the repetition compensator 28 and the
delay filter 29 performs stabilization of the repetition com-
pensation control and control system stability.

The signal from the repetition compensator controller 26
1s 1nputted at point P6 by way of a phase compensator 27.
The output signal from the repetition compensation control-
ler 26 1s thus shifted 1in phase by an amount “d” which
corresponds to the response delay of the motor 11. The
amount “d” 1s set at an appropriate value to compensate the
delay of the motor 11 at the particular position. Therefore,
the phase compensator 27 decreases an effect of the response
delay of the motor 11 and improves its stability.

FIG. 4 shows another embodiment of the control system.
This embodiment 1s similar to the first embodiment
described above except that an 1nitial repetition compensa-
tion controller 30 and a changeover switch SW2 are added
to the first embodiment shown 1n FIG. 1. The initial repeti-
tion compensation controller 30 1s equipped with a memory
31 and a phase compensator 32. The memory 31 memorizes
a control tolerance which was output the last time (previous
time) of the first cycle operation of the motor 11. The
changeover switch SW2 1s shiftable between two terminals
(I) and (IT). When the changeover switch SW2 is shifted to
terminal (I), the initial repetition compensator controller 30
1s connected to point P6, and a periodic disturbance 1is
eliminated during an initial first cycle (invalid cycle). It is
hard to eliminate enough disturbance during the first cycle in
the known control system. However, by using the control
tolerance which 1s output the last time of the first cycle
operation of the motor 11, the motor control unit improves
the control delay during the initial first cycle. Consequently,
the motor control unit improves the control response to the
target speed.

FIG. 5§ shows a further another embodiment of the present
invention. This third embodiment 1s also similar to the first
embodiment described above, except that a differential cal-
culator 33, that has a differential term Dg(z), and an integral
calculator 34, that has integral term Ig(z), are added to the
first embodiment shown 1n FIG. 1. These two calculators 33,
34 are also applicable to the second embodiment shown in

FIG. 4.

The difference between the actual rotation speed wo and
the target rotation speed tot from point P35 1s output to point
P6 through the differential calculator 33 and the integral
calculator 34. The differential calculator 33 removes rapid
fluctuations 1n the control tolerance while the integral cal-
culator 34 removes constant deviations in the control toler-
ance. The control response to the target speed 1s thus
improved using these two calculators. Especially improved
responsiveness and stability are obtained using the propor-
fional term Pg, and especially improved responsiveness 1s
obtained during starting of the motor 11 using the feed
forward term Ki.

According to one aspect of the control system described
here, the control system does not process the repetition
compensation control when the motor 11 1s initially started.
The control tolerance or difference between the the actual
rotation speed wo and the target rotation speed wt 1s not put
into the memory when the motor 11 1s started. The repetition
compensation control 1s effectively improved under the
motor stable condition. The phase compensator 27 also
improves the stability of the motor 11 by decreasing the
response delay. The difference between the target rotation
speed mt and the actual rotation speed wo 1s detected at the
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particular position. Therefore, the fluctuation of the rotation
speed, which 1s caused by disturbance at the periodic or
particular position (rotation angle) is improved.

The embodiments are not limited to those described
above, and f various modifications can be employed to the
embodiments. For example, a slow stop (gradually decreas-
ing rotation speed) type motor can be applied to each
embodiment. This type of motor reduces a beating sound or
noise when the motor 1s stopped. In addition, the PWM
control 1s described as being applied to the wvarious
embodiments, although analog control (adjusting current
value or voltage value) can also be utilized. The control
conflguration shown 1n the various embodiments represents
onc example of a control configuration. In addition, the
motor 11 represents an example of a control object with
which the disclosed control systems can be employed.

In accordance with the disturbance compensation control
system described here, appropriate repetition compensation
control 1s conducted without being as susceptible to the
difficulties mentioned above.

The principles, preferred embodiments and modes of
operation of the present invention have been described in the
foregoing specification. However, the imvention which 1is
intended to be protected 1s not to be construed as limited to
the particular embodiments disclosed. Further, the embodi-
ments described herein are to be regarded as illustrative
rather than restrictive. Variations and changes may be made
by others, and equivalents employed, without departing
from the spirit of the present invention. Accordingly, 1t 1s
expressly intended that all such variations, changes and
equivalents which fall within the spirit and scope of the
present 1nvention as defined in the claims, be embraced
thereby.

What 1s claimed 1s:

1. A disturbance compensation control system which
restricts periodic disturbance of a motor comprising;:

means for calculating a target rotation speed of the motor;

means for calculating an actual rotation speed of the
motor;

means for calculating a difference between the target
rotation speed of the motor; and and the actual rotation
speed of the motor; and

a repetition control unmit which receives the calculated
difference between the target rotation speed of the
motor and the actual rotation speed of the motor, and
repeatedly applies a compensated value to the calcu-
lated difference, the compensated value applied by the
repetition control unit during initial starting of the
motor being based on a zero value of the difference
between the target rotation speed of the motor and the
actual rotation speed of the motor.

2. The disturbance compensation control system accord-
ing to claim 1, wherein the repetition control unit includes
an 1nitial repetition compensation controller provided with a
memory which stores the difference between the target
rotation speed and the actual rotation speed during a previ-
ous first cycle operation.

3. The disturbance compensation control system accord-
ing to claim 1, wherein the repetition control unit includes
a masking processor, a repetition compensator controller and
a phase converter, the masking processor outputting the zero
value to the repetition compensator controller during initial
starting of the motor and outputting the difference between
the target rotation speed and the actual rotation speed to the
repetition compensator controller after initial starting of the
motor.
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4. The disturbance compensation control system accord-
ing to claim 3, wheremn the repetition control unit also
includes an 1nmitial repetition compensation controller pro-
vided with a memory which stores the difference between
the target rotation speed of the motor and the actual rotation
speed of the motor during a previous first cycle operation of
the control object.

5. The disturbance compensation control system accord-
ing to claim 1, including a differential calculator which
differentiates the difference between the target rotation
speed of the motor and the actual rotation speed of the
motor, and an integral calculator which integrates the dif-
ference between the target rotation speed of the motor and
the actual rotation speed of the motor.

6. A disturbance compensation control system which

restricts periodic disturbance of a control object comprising:

means for calculating a target control condition of the
control object;

means for calculating an actual control condition of the
control object;

means for calculating a difference between the target
control condition of the control object and the actual
control condition of the control object; and

a repetition control unit which receives the calculated
difference between the target control condition and the
actual control condition, and applies a value to the
calculated difference, the value applied by the repeti-
tion control unit during initial starting of the control
object being based on a zero value of the difference
between the target control condition and the actual
control condition.

7. The disturbance compensation control system accord-
ing to claim 6, wherein the repetition control unit includes
a phase converter.

8. The disturbance compensation control system accord-
ing to claim 7, wheremn the repetition control unit also
includes an 1nitial repetition compensation controller pro-
vided with a memory which stores the difference between
the target control condition and the actual control condition
during a previous first cycle operation.

9. The disturbance compensation control system accord-
ing to claim 6, wherein the repetition control unit includes
a masking processor, a repetition compensator controller and
a phase converter, the masking processor outputting the zero
value to the repetition compensator controller durmg initial
starting of the control object and outputting the difference
between the target control condition and the actual control
condition to the repetition compensator controller after
initial starting of the control object.

10. The disturbance compensation control system accord-
ing to claim 9, wheremn the repetition control unit also
includes an 1nmitial repetition compensation controller pro-
vided with a memory which stores the difference between
the target control condition and the actual control condition
during a previous first cycle operation of the control object.

11. The disturbance compensation control system accord-
ing to claim 6, wherein the control object 1s a motor.

12. The disturbance compensation control system accord-
ing to claim 6, including a differential calculator which
differentiates the difference between the target control con-
dition and the actual control condition, and an integral
calculator which integrates the difference between the target

control condition and the actual control condition.
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13. A disturbance compensation control system which
restricts periodic disturbance of a control object comprising:

means for calculating a target control condition;

means for calculating an actual control condition;

means for calculating a difference between the target
control condition and the actual control condition; and

a repetition control unmit which receives the calculated

difference between the target control condition and the
actual control condition, calculates a value based on the
calculated difference and applies the value to the cal-
culated difference, the repetition control unit including
a phase converter which shifts a phase of the repetition
control unit.

14. The disturbance compensation control system accord-
ing to claim 13, wherein the repetition control unit also
includes an 1nitial repetition compensation controller pro-
vided with a memory which stores the difference between
the target control condition and the actual control condition
during a previous first cycle operation of the control object.

15. The disturbance compensation control system accord-
ing to claim 13, wherein the repetition control unit includes
a masking processor and a repetition compensator controller,
the masking processor outputting the difference between the
target control condition and the actual control condition to
the repetition compensator controller after initial starting of
the control object.

16. The disturbance compensation control system accord-
ing to claim 15, wherein the repetition control unit also
includes an 1nitial repetition compensation controller pro-
vided with a memory which stores the difference between
the target control condition and the actual control condition
during a previous first cycle operation.

17. The disturbance compensation control system accord-
ing to claim 13, wherein the control object 1s a motor.

18. The disturbance compensation control system accord-
ing to claim 13, including a differential calculator which
differentiates the difference between the target control con-
dition and the actual control condition, and an integral
calculator which integrates the difference between the target
control condition and the actual control condition.

19. The disturbance compensation control system accord-
ing to claim 13, wherein the repetition control unit includes
a masking processor which outputs a signal and a repetition
compensator controller which receives the signal output
from the masking processor and outputs a signal, the phase
converter receiving the signal from the repetition compen-
sator controller and shifting a phase of the signal output from
the repetition compensator controller.

20. The disturbance compensation control system accord-
ing to claim 13, wherein the phase converter shifts the phase
of the repetition control unit by an amount (d) which
corresponds to a response delay of the control object.

21. The disturbance compensation control system accord-
ing to claim 13, further comprising an amplifier having a
feed forward term, the amplifier amplifying the target con-
trol condition and applying a compensated value to the
calculated difference.

22. The disturbance compensation control system accord-
ing to claim 13, further comprising feedback control means
for controlling the control object based on the difference
between the target control condition and the actual control

condition.
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